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Introduction
Free convection boundary-layer flow around a sphere in a porous medium represents an important problem, which is related to numerous engineering applications. Such problems are spherical storage tanks, packed beds of spherical bodies, and nuclear waste disposal. Many researchers have studied the problems of free convection boundary-layer flow over a sphere. Amongst them Nazar et al. [1] have studied free convection boundary-layer on an isothermal sphere in micropolar fluid. Akhter and Alim [2] studied the effects of radiation on natural convection flow around a sphere with uniform surface heat flux. Alam et al. [3] studied the viscous dissipation effects with MHD natural convection flow on a sphere in the presence of heat generation. Chen and Mucogle [4, 5] studied mixed convection over a sphere with uniform surface temperature and uniform surface heat flux. The thermal radiation effects on the natural convection flow are important in various engineering applications and new modern technology, such as in advanced power plants for nuclear rockets, high speed flights, satellites and space vehicles, and processes involving high temperatures. At a high temperature the presence of thermal radiation affects on the distribution of temperature in the boundary-layer, which in turn affects on the heat transfer at the wall. In such problems the effects of convective and thermal radiation must be simultaneously investigated as shown in Cheng and Ozisik [6] and Ozisik [7] . Azzam [8] reported the radiation effect on the MHD mixed free-forced convective flow past a semi-infinite moving vertical plate for high temperature difference. Molla et al. [9] investigated the radiation effect on free convection laminar flow from an isothermal sphere. Chamkha and Al-Mudhaf [10] studied the heat and mass transfer by natural convection from a permeable sphere in the presence of thermal radiation. The pressure work effect plays an important role in free convection in various devices which are subjected to large deceleration or which operate at high rotational speed and also in strong gravitational field processes on large scales and in geological processes. Akhter and Alim [11] and Miraj et al. [12] studied the effects of pressure work and radiation on natural convection flow around a sphere with heat generation. El-Kabeir et al. [13] studied the natural convection from a permeable sphere embedded in porous medium due to thermal dispersion. The heat transfer with Newtonian heating occurs in many important engineering devices, for example in heat exchanger where the conduction in solid tube wall is greatly affected by the convection in the fluid flow around it. The Newtonian heating condition was pioneered by Merkin [14] for the free convection boundary-layer flow over a vertical flat plate. However, due to its importance in numerous practical applications in various engineering devices, several researchers are getting interested to investigate the Newtonian heating condition in different heat transfer problems. Pop et al. [15] considered the free convection boundary-layer flow along a vertical surface in a porous medium with Newtonian heating. Chaudhary and Jain [16] studied unsteady free convection boundary-layer flow past an impulsively started vertical surface with Newtonian heating. Recently, Salleh et al. [17, 18] studied the effect of Newtonian heating on mixed and free convection boundary-layer flow on a solid sphere in a micropolar fluid.
To our best of knowledge, the combined effects of the pressure stress work and thermal radiation on free convection flow around a solid sphere with Newtonian heating has not been studied yet and the present work is proposed to fill this gap. Motivated by the previously mentioned studies, therefore, the aim of the present paper is to study the effects of pressure stress work and thermal radiation on free convection boundary-layer flow around a sphere embedded in a porous medium with Newtonian heating.
Formulation of the problem
Consider the steady 2-D free convection boundary-layer flow of an incompressible viscous fluid around a sphere embedded in a fluid saturated porous medium with pressure stress work and thermal radiation, fig. 1 . In this analysis T ∞ being the ambient temperature of the fluid and T is the temperature of the fluid within the boundary-layer. Under the Boussinesq and the boundary-layer approximations, the basic dimensional equations of the flow are:
The physical model and co-ordinate system
The boundary conditions for the velocity components and the temperature are: 0, 0, and = 0, 0
where x ̅ , ȳ, are the dimensional co-ordinates along and normal to the tangent of the surface, ū, v̄, -the velocity components parallel to, x ̅ , ȳ, not rotate relative to the surface, r(x ̅ ) -the radial distance from the symmetric axis to the surface of the sphere, g -the acceleration due to gravity, k -the permeability of the medium, n = µ / ρ -the kinematic viscosity where ρ is the density and -the dynamic viscosity of the fluid, T ∞ -the ambient temperature of the fluid, β -the coefficient of thermal expansion, K -the thermal conductivity of the fluid, and q r -the radiation heat flux parameter. The radiatio heat flux q r is simplified by the Rosseland diffusion approximation, which has been extensively used (see Molla et al. [9] ), as:
where a r is the Rosseland mean absorption coefficient, σ s -the scattering coefficient, and σ -the Stefan-Boltzmann constant. Now we introduce the following non-dimensional variables:
where θ is the non-dimensional temperature, n ∞ -the reference kinematic viscosity, and Gr -the Grashof number. Substituting variables in eq. (7) into eqs.
(1)-(3), the non-dimensional forms of the governing equations are:
The boundary conditions can be written in the following non-dimensional forms:
where χ = a(h s / k)Gr -1/4 is the conjugate parameter for the convective boundary condition, it is noticed that when χ = 0 the sphere surface temperature is constant. The stream function ψ(x,y) that satisfies the continuity equation is related to the velocity components in the usual way:
Using boundary-layer approximation, the dimensionless variables for the stream function can be introduced:
Substituting in eqs. (6)- (9) to obtain the following equations:
The boundary conditions finally become:
and 0 0 as , 0
The physical quantities of interest in this problem are shearing stress in terms of the skin friction coefficient and rate of heat transfer which can be written in non-dimensional form:
Gr Gr and Nu ( )
Here τ w is the shearing stress and q w is the heat flux at the surface defined, respectively:
where q c = -K[∂T / ∂ȳ ] is the conduction heat flux, K -the thermal conductivity of the fluid, and q r is the radiation heat flux. Using the non-dimensional variables in eqs. (7) and (14) in eq. (19), we get:
and Nu
Results and discussion
The non-linear system of PDE (15) and (16) subjected to the boundary condition and (17) and (18) is solved numerically by using an implicit finite difference method together with Newtons linearization scheme which was first introduced by Keller [19] and described by Cebeci and Bradshaw [19] . The computations were performed using non-uniform grid in the y-direction and it was defined by y i = sin h[(j -1) / 100] where j = 1,2,..., 170 and Δx = 0.01.
The results are obtained in terms of velocity profiles, temperature distributions, skin friction coefficient, and the rate of heat transfer and presented graphically and tabular form for selected values of the thermal radiation parameter, Darcy number, Newtonian heating parameter, and the pressure stress work. In order to verify the accuracy of the present method, the present results are compared with those reported by Salleh et al. [18] . It is found that the agreement between the previously published results with the present ones is very good, as shown in the tab. 1. The effect of radiation parameter on skin friction and rate of heat transfer, Nu, are considered in tab. 2 with Pr = 0.7, θ w = 1.2, Da = 10, χ = 1.0, and ε = 0.1. From tab. 2, it can be seen that an increase in radiation parameter causes an increase in both the skin friction coefficient and the Nusselt number. That is due to the fact that an increase in the values of Rd leads to more interaction of radiation with momentum transfer and so thermal boundary layers. We found at x = π / 6 that the skin friction increases by 0.44% and the Nusselt number increases by 130.25% while Rd increases from 1.0 to 3.0.
The effects Prandtl number on skin friction and Nusselt number are considered in tab. 3 with Rd = 1.0, θ w = 1.2, Da = 10, and ε = 0.1. From tab. 3. it is found that the skin friction coefficient decreases but the Nusselt number increases with the increment of Prandtl number. We noted at x = π / 6 that the skin friction coefficient decreases by 4.43% and the Nusselt number increases by 33.17%, while Prandtl number increases from 0.72 to 7.0. It is known that the fluids which have large values of Prandtl number are less thermally conductive and the thermal boundary-layer of the conducted fluids around the surface of the heated sphere becomes thinner with a high temperature gradient which increases the surface rate of heat transfer but decreases skin friction coefficient. The effect of pressure stress work on skin friction coefficient, and rate of heat transfer Nu are considered in tab. 4 with Pr = 0.7, θ w = 1.2, Rd = 1.0, Da = 10, and χ = 1.0. From tab. 4, it can be seen that an increase in the stress work parameter results an increase in the skin friction coefficient on another hand it decreases the Nusselt number. We can see from tab. 3 that the skin friction coefficient increases by 0.14% and the Nusselt number decreases by 2.95 % at x = π / 6 while ε increases from 0.1 to 0.8.
The effects Darcy number on skin friction coefficient and rate of heat transfer Nu are considered in tab. 5 with Pr = 0.7, θ w = 1.2, Rd = 1.0, ε = 0.1, and χ = 1.0. It can be seen that the increasing of the Darcy number implies increasing in both the skin friction cofficient and the Nusselt number. We noted form tab. 5 that the skin friction coefficient increases by 91.91% and the Nusselt number increases by 1.6% at x = π / 6 while Darcy number increases from 0.1 to 10.0. That is due to the fact that the relationship between the Darcy number and porous medium effect is inverse relationship and the presence of a porous medium represents a resistance to flow which results the slowing of fluid flow and heat transfer and then decreases the rate of heat transfer and skin friction coefficient. In tab. The effects of the Prandtl number with Rd = 1.0, Da = 10, θ w = 1.2, ε = 0.1, and χ = 0.1 at x = π / 6 on the velocity and the temperature profiles are indicated in figs. 2(a) and 2(b). It can be seen that the increasing values of Prandtl number leads to the decrease in the velocity profiles. We observed that at each value of the Prandtl number, the velocity profile has a maximum value within the boundary-layer. The maximum values of the velocity are 0.6997, 0.6007, and 0.4161 at y = 0.81, 0.75 and 0.63 for Pr = 0.7, 1.7, and 7.0, respectively. The maximum velocity decreases by 40.53% as Prandtl number increases from 0.7 to 7.0. From figure 2(b) , we noted that the temperature profiles decrease with the increasing values of Prandtl number. That is due
(1)
(1) . It can be seen that an increasing of Darcy number increases the velocity distributions while decreases the temperature distribution. It is due to that the presence of porous medium causes higher restriction to the fluid, which reduces velocity and enhanced the temperature. We observed that for selected value of the Darcy number, the velocity profile has 
(1) Velocity Temperature
(1) Figure 6 (b) displays the temperature profiles against y which reveals that the temperature increases with increasing radiation parameter Rd.
Conclusions
We have investigated the effects of pressure stress work and thermal radiation on free convection flow around a sphere embedded in a porous medium with Newtonian heating. The non-linear system of PDE governing the problem is solved numerically by Keller box method. The results focused on the effects of the radiation parameter, the Darcy number, Newtonian heating, Prandtl number, and stress work parameter on the skin friction coefficient, Nusselt number, velocity profiles, and temperature distributions. From the present investigation the following conclusions may be drawn. y The values of skin friction coefficient increase for the increment of the parameters, Newtonian heating parameter, the radiation parameter, Darcy number and stress work parameter but the skin friction coefficient decreases with the increasing of Prandtl number. y The values of Nusselt number increase for the increment of the parameters, Newtonian heating parameter, radiation parameter, Darcy number, and Prandtl number but the Nusselt number decreases with the increasing of the pressure stress work. y The velocity profiles increase for the increment of the parameters, Newtonian heating parameter, the radiation parameter, Darcy number, and the stress work parameter but the velocity profiles decrease with the increasing of the Prandtl number. y The temperature distributions increase for the increment of the parameters, Newtonian heating parameter, the radiation parameter, and the stress work parameter but the temperature distributions decrease with the increasing of the parameters Prandtl number and Darcy number. 
